Replicative aging has been demonstrated in asymmetrically dividing unicellular 19 organisms, seemingly caused by unequal damage partitioning. Although asymmetric 20 segregation and inheritance of potential aging factors also occurs in symmetrically 21 dividing species, it nevertheless remains controversial whether this results in aging. 22 Based on large-scale single-cell lineage data obtained by time-lapse microscopy with a 23 microfluidic device, in this report, we demonstrate the absence of replicative aging in 24 old-pole cell lineages of Schizosaccharomyces pombe cultured under constant favorable 25 conditions. By monitoring more than 1,500 cell lineages in seven different culture 26 conditions, we showed that both cell division and death rates are remarkably constant 27 for at least 50-80 generations. Our measurements revealed that the death rate per 28 cellular generation increases with division rate, pointing to a physiological trade-off 29 with fast growth under balanced growth conditions. We also observed the formation and 30 inheritance of Hsp104-associated protein aggregates, which are a potential aging factor 31 in old-pole cell lineages, and found that these aggregates exhibited a tendency to 32 preferentially remain at the old-poles for several generations. However, the aggregates 33 were eventually segregated from old-pole cells upon cell division and probabilistically 34 allocated to new-pole cells. The quantity and inheritance of protein aggregates increased 35 neither cellular generation time nor cell death initiation rates. Furthermore, our results 36 revealed that unusually large amounts of protein aggregates induced by oxidative stress 37 exposure did not result in aging; old-pole cells resumed normal growth upon stress 38 removal, despite the fact that most of them inherited significant quantities of aggregates. 39 These results collectively indicate that protein aggregates are not a major determinant of 40 cell fate in S. pombe, and thus cannot be an appropriate molecular marker or index for 41 replicative aging under both favorable and stressful environmental conditions. 42 43 44 48 Saccharomyces cerevisiae, and Candida albicans, aging is manifested and linked to 49 morphological asymmetry [1-3]. The situation, however, is less clear for symmetrically 50 dividing organisms. While some evidence suggests replicative aging in old-pole cell 51 lineages of Escherichia coli [4-6], Wang et al. reported that growth rates of E. coli 52 old-pole cells did not significantly alter over 200 generations, despite the gradual 53 increases in filamentation and death rates [7]. For the symmetrically dividing fission 54 yeast Schizosaccharomyces pombe, earlier studies suggested replicative aging by 55 observation of asymmetry in cell volume at divisions followed by the deaths of the 56 larger cells, and asymmetric segregation of carbonylated proteins (one of the 57 biomarkers of oxidative stress). Additionally, it was suggested that inheritance of 58 carbonylated proteins and a birth scar might inversely correlate with survival probability 59 [8-10]. In a more recent study, however, Coelho et al. showed that potential aging 60 factors such as an old-pole, a new spindle pole body, and protein aggregates did not 61 correlate with generation time, suggesting that S. pombe does not age, at least under 62 favorable conditions [11].
Introduction 45
Replicative aging in unicellular organisms is defined by a gradual increase in 46 generation time and probability of death as cell divisions increase. In cases of asymmetrically dividing unicellular organisms such as Caulobacter crescentus, for studying aging and growth in E. coli [7] , except that the dimensions of the internal 6 local alterations in culture environments. The behaviors of cells destined for death were 141 heterogeneous, but could be broadly categorized into three types: Type I (swollen), 142 Type II (hyper-elongated), or Type III (shrunken) . Approximately 80% of the death 143 events were categorized as Type I, and in almost all of these cases, siblings in the same 144 observation channel synchronously died (Fig. S4D , E, and Movie S2). These 145 observations are consistent with a recent report using a similar microfluidics system 146 [27] . The synchronous deaths were also observed in another PDMS microfluidic device, 147 where the observation channels accommodate greater numbers of cells than the Mother 148 Machine. Importantly, we observed the synchronous deaths even when the dying 149 siblings were spatially separated, whereas the other surrounding cells continued 150 dividing normally ( Fig. S4F and Movie S3). These findings suggest that the 151 synchronous deaths are not induced by local environmental changes in channels, but 152 triggered in their common ancestor cells. 153 We did not detect any preceding progressive signatures in the growth and division 154 histories of dead cells. For example, the transitions in generation times of the extinct 155 cell lineages were indistinguishable from those of the surviving lineages; no obvious or 156 discernible increase in generation times was observed prior to cell deaths (Fig. 2B ). The and segregation of protein aggregates in an old-pole cell. Once formed at an old-pole 205 end, the (major) aggregate grew and tended to remain at the pole for many generations, 206 but it occasionally migrated toward the new-pole end, and was subsequently segregated 207 to the new-pole cell (Movie S4), which is qualitatively consistent with an earlier report 208 [18] . The distribution of aggregate inheritance duration, which is defined as the time 209 interval between two successive "born-clean events" in units of generation, had a peak 210 at four generations with an extended tail to the right and spreading over more than 40 211 generations (Fig. 4D) . The tail can be approximately fitted by an exponential curve with 212 a decay rate of λ = 0.13 (generation -1 ), suggesting that the segregation of protein 213 aggregate to a new-pole cell is a random process that occurs once in every 1/λ = 7.8 214 generations on average. These results revealed that fission yeast old-pole cell lineages 215 could escape from the burden of protein aggregate. and 2C), heterogeneity in each cell cycle length might be related to protein aggregation. 220 We quantified the load of protein aggregation using two metrics: 1) aggregate amount; 221 and 2) aggregate age, the latter being defined as elapsed time (in units of generation) 222 since the last birth without aggregate inheritance (indicated by "Born clean" bars in Fig. 
223
4C). The former evaluates the current load of aggregation, whereas the latter evaluates 224 the burden of possessing the aggregate for prolonged periods. We first simply plotted 
227
To analyze such relations in greater detail, we partitioned the data points in Fig. 5A 228 and 5B into three classes (low, middle, and high) according to the aggregation metrics 229 (aggregate amount or aggregation age), and compared the generation time distributions 230 among the classes ( Fig. 5C and 5D ). The distributions were essentially identical among 231 the classes for both aggregation indices, which strongly indicates that cell cycle length 232 is unaffected by protein aggregation.
233
Next, we examined if the amount and inheritance of protein aggregation trigger cell 234 death. Fig. 6A illustrates protein aggregation dynamics (Hsp104-GFP aggregate a major role in initiating the dying process. Our results, however, do not exclude the 269 possibility that rapid accumulation of protein aggregate might accelerate completion of 270 the dying processes post-onset.
272
Protein aggregation induced by oxidative stress does not result in replicative aging 273 It has been suggested that fission yeast ages upon stress treatment, and inheritance 274 of large protein aggregate results in increased death probability [11] . To see if these 275 aging phenotypes are also observed in our system, we transiently treated cells with 276 hydrogen peroxide (H 2 O 2 ), a commonly-used oxidative stressor, and monitored cell 277 division/death kinetics along with protein aggregation dynamics. As expected, cells 278 immediately ceased to divide upon stress treatment ( Fig. 7A , around t = 6,000 min).
279
After removal of the stress, there was a lag (around t = 6,000-6,500 min) before cells 280 resumed dividing. Strikingly, once cells started to grow again, the division rate was 281 almost the same as that previously observed under unstressed conditions (Fig. 7A ). The 282 survival curve in Fig. 7B revealed an increase in death rate upon stress treatment (~10% 283 cells died during an hour of exposure to hydrogen peroxide). Although the recovery was 284 slower than division rate, the death rate also returned to the normal level seen in the 285 unstressed condition. We did not observe the progressive increase of generation time 286 after stress removal, one of the hallmarks of replicative aging; marked increase of 287 generation time was seen only in the first generation after stress removal ( Fig. 7C ).
288
These results suggest that the apparent deterioration in cellular growth/death is a 289 transient response to the stress, and not a manifestation of aging. 290 We next asked how protein aggregation dynamics are related to the stress response.
291
As reported earlier, we observed that oxidative stress enhanced protein aggregation, and 292 many lineages accumulated aggregate to high levels not attainable in normal conditions 293 ( Fig. 7D ). When the cells re-entered division cycles after stress removal, the large 294 amount of aggregate persisted (and even continued to grow in some cases). Strikingly, 295 even such significant amounts of aggregate did not affect generation time (Fig. 7E ). In 296 non-stressed conditions, the amount of aggregate did not exceed 400 (× 10 3 a.u.) in 90% 297 of extinct lineages, whereas approximately 40% of the lineages that survived the stress 298 treatment until the end of measurement experienced more aggregation than 400 (× 10 3 299 a.u.) ( Fig. 7F ). These results further support that the absolute amount of protein 300 aggregate does not determine growth kinetics, nor cell fates.
302
Ectopically induced protein aggregation does not affect cellular growth or death 303 To further examine if protein aggregation can result in cellular aging and/or cell 304 death in S. pombe, we ectopically expressed a truncated version of the orthoreovirus 305 aggregation-prone protein, µNS, which was N-terminally tagged with mCherry or 306 mNeonGreen for visualization by fluorescent microscopy [32] [33] [34] . We confirmed that 307 µNS formed aggregates in the cytoplasm of S. pombe, which are detectable as bright 308 foci in many cells ( Fig. 8A ). mCherry-µNS and Hsp104-GFP foci did not co-localize, 309 which indicates that not all protein aggregates were associated with Hsp104 ( Fig. 8A   310 and Movie S5). Formation and segregation dynamics of mNeonGreen-µNS aggregate 311 were similar to those of Hsp104-GFP, other than that accelerated accumulation before 312 cell death was not observed ( Fig. 8B , S8A, and Movie S5). Generation time was not 313 correlated with either aggregate amount or aggregation age (Fig. 8C ), and distribution 314 of µNS aggregate amount at death points was almost identical to that at the termination 315 of the measurements for the survived lineages ( Fig. 8D ). These results suggest that, as Finally, we examined if hsp104 + gene disruption results in replicative aging in the 322 old-pole cell lineages. As expected, hsp104Δ strains were sensitive to heat shock ( Fig.   323 9A). The deletion, however, did not affect the status of µNS aggregate in terms of both 324 inheritance duration and distribution of the amount ( Fig. S8A and S8B ). Likewise, 325 generation time remained non-correlated to aggregation (Fig. S8C ), and distribution of 326 aggregate amount at death points was similar to that at the end points of the survived 327 lineages ( Fig. S8D ). Division-and death rates for the deletion mutant were essentially 328 identical to those in the wild type strain ( Fig. 9B and 9C ). Taken together, our data
Discussion

332
In this study, we investigated the growth and death of S. pombe under various 333 favorable culture conditions, and demonstrated the lack of replicative aging in old-pole 334 cell lineages. While being free from replicative aging, the cells died abruptly, and our 335 extensive quantification revealed trade-offs between reproduction rate and survival 336 probability. Furthermore, we showed that Hsp104-associated protein aggregation, often 337 regarded as an aging factor, did not have a significant effect on growth and initiation of 338 the dying processes, not only under normal conditions, but also when stressed, where a 339 large quantity of protein aggregate was induced.
341
Replicative aging in fission yeast 342 The observation that both division and death rates were constant over tens of 343 generations strongly suggested that the fission yeast old-pole cell lineages were free 344 from replicative aging ( Fig. 1 and Fig. 2 ). This endorses the conclusion of a recent 345 report on the absence of replicative aging in fission yeast in favorable conditions [11] . 346 However, we cannot formally exclude the possibility that aging of fission yeast occurs 347 over a longer time-scale than the observed durations in our experiments and in other 348 recent work [11, 27] . Regarding the discrepancy with the earlier reports, where 349 replicative aging was suggested [8, 10] , it is of note that in the cited mortality assays, the 350 populations became extinct within 20 generations while about 80% of cells survived at 351 that generation in our experiments ( Fig 2E) . This implies that the physiological states of 352 the observed cells in the experiments reported elsewhere were significantly different 353 from those in ours.
354
Our experiments involving oxidative stress exposure in the microfluidic device 355 revealed that generation time and death rate reverted to normal after removal of the 356 stressor, although most old-pole cells continued to inherit and accumulate even more 357 Hsp104-associated protein aggregates (Fig 7) . This result is inconsistent with the 358 previous report [11] and the widely accepted notion that S. pombe ages under stressful 359 conditions. The lack of progressive increases in generation time suggests that the 360 observed increases of generation time, death rate, and the amounts of Hsp104-associated protein aggregation are responses provoked by the stress exposure, 362 not the signature of aging. Therefore, aging under stressful conditions might not be a 363 general trait in S. pombe. 364 The lack of noticeable aging in S. pombe old-pole lineages contrasts with that in E. 365 coli cultured under favorable growth conditions in the Mother Machine, in which 366 division rates of old-pole cells were stable, but death rates increased over generations 367 [7] . It is interesting to note that the modes of cell wall syntheses at poles are quite 368 different between the two symmetrically dividing microorganisms. S. pombe employs Protein aggregation and cellular growth/death 390 A common perception is that protein aggregate accumulates during the aging 391 process or the stress response, and cells die catastrophically when the aggregation load 392 exceeds the cellular capacity. Our data, however, indicated that Hsp104-associated 393 protein aggregate is also formed in aging-free cell lineages ( Fig. 4 and Movie S4). We 394 showed that neither the aggregate amount nor the retention time affected the generation 395 time (Fig. 5 ). In addition, we demonstrated that cells transiently exposed to oxidative 396 stress could promptly resume normal growth, even in the presence of unusually large 397 amounts of protein aggregate induced by such stress (Fig. 7) . The commonly-observed 398 correlation between protein aggregation and cell death is most likely explained by the 399 accelerated accumulation of aggregate a few generations before cell death. The 400 commencement points of accelerated accumulation appear to specify the initiation 401 points of the dying processes because the other abnormalities of mCherry expression 402 levels and cellular morphology started around the same time. The initiation of the dying 403 process occurred irrespectively of aggregate quantity, which argues against the concept 404 that there is an absolute threshold in protein aggregation burden for triggering cell death.
405
The results also suggest that retention of the aggregates did not elevate cell death 
414
It should be noted that there can be multiple types of protein aggregation with 415 different constituents and formation/degradation dynamics, such as stress 416 foci/Q-bodies/CytoQ, IPOD, JUNQ/INQ, and age-associated deposits, as reported for 417 budding yeast [17, [42] [43] [44] . Hsp104 is enriched in stress foci, IPOD, and age-associated Trade-off between reproduction and survival 425 We found that as the cell division rate elevated, the death rate increased in a linear 426 fashion (Fig. 3A) . Although a simple extrapolation of the linear trend predicts immortality of single cells when the division rate is below r min , we have not been able to fluorescence during a 30-min time window, then the beginning of the window was 583 defined as a death point. We confirmed that the decay curve of surviving cell lineages 584 obtained using these death criteria quantitatively concurred with that obtained by 585 manual image inspection (Fig. S4A) . In the data set used in Fig. 6-9 , we examined all 586 of the cell-size trajectories by eye and manually marked death points so as to ensure 587 confidence in the data.
Materials and Methods
Fission yeast strains
588
The death onset points (= kinks on the aggregate amount trajectories) were 589 identified by manually inspecting the aggregate amount trajectory plots for all of the 590 541 extinct lineages. Aggregate amount/age at the kinks and generations to die after the 591 onset of the dying process were subsequently recorded using a custom-developed 592 ImageJ-plugin. 593 594 "age distribution" along cell lineages. Therefore, Eq. 2 can be also expressed as
We numerically estimate based on a discretized version of Eq. 3, i.e., where is the generation time and is the number of samples.
620
We estimated death rate from the decay curve by the least squares fitting ( 621 versus , where is time and is the number of surviving lineages at 622 ). The expected value of "time to death" is thus . We calculated "expected life 623 span" in units of generation as .
625
Error estimation of division and death rates 626 The standard errors for the division rates were calculated as 627 , 628 where is the generation time and is the number of samples.
629
ranges were shown as error bars in Fig. 3A and 3B .
To evaluate errors in the death rate estimations, we produced simulated decay 631 curves of the surviving fraction using parameters (death rate, initial cell number, and 632 observation period) specific to each experiment. The simulation was repeated 5,000 633 times for each environment, and the death rate was obtained from a simulated survival 634 curve in each run. The standard deviation of the determined death rates was calculated 635 as , and the ranges were shown as error bars in Fig. 3A . Errors in 636 expected life span ( ) were calculated using the error propagation rule.
638
Statistical evaluation of death (or death onset) probability 639 We first estimated death probability per generation p 0 to be 1.15 × 10 -2 from the 640 survival curve. In Fig. 6F and I, death probability p for each aggregate amount or 641 aggregation age was then tested using a binomial test for the two-tailed null hypothesis 642 H 0 : p = p 0 at the significance level = 0.05.
643
For the onset probability of accelerated accumulation, we set the null hypothesis to 644 be H 0 : q = 0.79 p 0 = 9.09 × 10 -3 based on our observation that a clear kink in the 645 protein aggregation dynamics was detected in 79% of the extinct lineages, and 646 implemented binomial testing at the significance level = 0.05 ( Fig. 6G and 6J) . on a lineage. Gray color indicates the lineages that were extinct before stress; red for the 993 lineages that were extinct after stress; blue for the survived lineages. 
